The angular distribution of photoelectrons emitted from water clusters has been measured by linearly polarized synchrotron radiation of 40 and 60 eV photon energy. Results are given for the three outermost valence orbitals. The emission patterns are found more isotropic than for isolated molecules. While a simple scattering model is able to explain most of the deviation from molecular behavior, some of our data also suggest an intrinsic change of the angular distribution parameter. The angular distribution function was mapped by rotating the axis of linear polarization of the synchrotron radiation. [http://dx
I. INTRODUCTION
The key to improving understanding of the behavior of liquid water is to comprehend the details of hydrogen bonding. The quest for unraveling these details has motivated a growing interest in the valence electronic structure of water molecules, 1, 2 liquid, 3, 4 ice, 4 and clusters. 5, 6 In these works, the binding energies of valence electrons were studied by photoelectron spectroscopy (PES). In water molecules, three orbitals, designated as 1b 1 , 3a 1 , and 1b 2 , make up the outer valence shell. While 1b 1 is a non-bonding orbital of oxygen lone pair character, the other two orbitals are bonding. Going from molecules to any of the condensed phases, the following changes are observed in the photoelectron spectra: 1. All sharp vibrational peaks are washed out, the spectrum broadens, and features of the three different orbitals start to blend in energy. This observation has been well reproduced by suitable sampling of the initial state energies over the space accessible to the isomers of the water ensemble. 6 2. The 1b 1 orbital loses its non-bonding character. 7 Of the three valence orbitals, this one broadens the most, and develops into a new feature at substantially lower binding energy, which is characteristic for water condensation observed in PES. 5, 6 3. Besides this, all binding energies shift to lower values due to final state polarization. 3, 6 An alternative experimental method to study the valence electronic structure is X-ray emission spectroscopy. 8 From gas phase PES, it is well known that photoelectrons are emitted anisotropically whenever the ionizing radiation makes out a distinct spatial direction. 9 While this effect is general, we focus here on fully linearly polarized synchrotron radiation as the ionization source. The photoelectron angular distribution (PAD) then shows a directional propensity with respect to the polarization axis. If interaction between the sample and the electric field of the radiation is taken into account up to the dipole order (the usual approximation), and if the sample itself is unordered and non-chiral, all information on the PAD is contained in a single parameter β (see below). For isolated atoms and molecules, preferential emission of the photoelectrons along the polarization axis, expressed by positive values of β, is the common case. The exact value of β depends on the intrinsic response of the ionized orbital to the applied field, and (for molecules) on scattering effects which the continuum electron experiences in the potential of the ionized molecule. This is why, in principle, PADs contain information both on geometry and electronic structure of the probed sample. As this information is condensed into a single parameter, theory is often needed to allow for definite conclusions.
In case of clusters, in addition to the two factors mentioned above, effects of the aggregation on the angular distribution have to be taken into account. Elastic final state scattering on other atoms or molecules within the cluster will produce a more isotropic angular distribution, i.e., the absolute value of β shifts towards zero compared to the molecular case. It is, however, less clear how initial state effects affect the β parameter. The cluster sizes we probe here (see below) are smaller than the onset of crystallization in water clusters. 10 We therefore assume that solid state band structure effects, e.g., band dispersion, do not play a role in our sample. It seems nevertheless plausible that aggregation will have some influence on the β parameter. Guided by theoretical studies of water orbital shapes in small clusters, 6, 7 we expect that the p character of the orbitals will change. In water molecules, the orbital with the least amount of p character, the 1b 2 , has the least anisotropic photoemission pattern among the outer valence orbitals. For the other two outer valence orbitals, we expect that any hydrogen bonding between water molecules 0021-9606/2013/138(23)/234306/7/$30.00
138, 234306-1 will lead to a lowering of its oxygen p character and hence to a lower photoemission anisotropy and a lower value of β. The PAD of isolated water molecules has been reported by Truesdale et al. 11 and Banna et al. 2 already in the 1980s. For water clusters, no previous work on the PAD is known to us. In a pioneering work on the photoelectron spectrum of liquid water, the authors were using β values taken from molecular water in part of their analysis. 3 PADs have been studied for rare gas clusters though. [12] [13] [14] [15] [16] [17] These studies compared the PAD of several rare gas core and valence photoelectron lines to the ones for atomic photoemission. For photoelectron lines with a strongly anisotropic atomic emission pattern and a kinetic energy below approx. 40 eV, a significant reduction of β was observed in the cluster case. The reduction did only weakly depend on the orbital looked at (Xe 5p, 13 Kr 4p, 14 Ar 3s, 15 Ar 3p, 17 Xe-Kr-Ar comparison 16 ). The authors concluded that variations of β between atoms and atomic clusters are caused by final state elastic scattering of the outgoing photoelectron, and that orbital-specific effects such as band formation do not play a role for the decrease of β. 15 We would like to make two remarks about these results: 1. It is believed that the authors refer to intracluster scattering. Intercluster scattering could also be considered as the cause of such β deviations, but usually has a smaller probability due to the dilute nature of the cluster beam. 2. Meanwhile, at even lower photon energy than studied in those works, evidence for band formation in Ar clusters from the shape of valence photoelectron spectra has been presented. 18 β measurements of the rare gas clusters at higher kinetic energies are less straightforward in their interpretation. They should be affected much less by intracluster elastic scattering, as the respective cross sections have pronounced maxima at kinetic energies around 10 eV and drop by factors between 3 and 6 for an electron energy of 100 eV. 19 Consequentially, for the Xe 4d line of N = 270 clusters, Rolles et al. 13 found identical β values between atoms and clusters, even in an energy range with a pronounced photoelectron anisotropy (photon energies 135-150 eV, kinetic energies 85-100 eV). On the other hand, the same authors found significantly lowered β values for Ar 3s of similar size Ar clusters at kinetic energies up to 70 eV. 15 Öhrwall et al. 12 measured the Xe 4d cluster surface/bulk intensity ratio under two different emission angles for large Xe clusters ( N = 4000), and also found evidence for a significant reduction of β for the bulk contribution.
In the present work, the PAD of valence states of water clusters was experimentally studied. Photon energies of 40 and 60 eV were chosen to explore effects from photoelectron scattering, which apparently depend on kinetic energy. Unlike in rare gas clusters, the spectral features from uncondensed water monomers and from clusters overlap in energy. We have therefore partitioned the measured β parameters to isolate the photoemission from clusters. Our results are compared with a simple model calculation on the effect of elastic scattering.
II. EXPERIMENTAL
In the present study, the PAD anisotropy parameters of both water gas vapor and water clusters have been derived from photoelectron spectra measured with linearly polarized synchrotron radiation.
Water clusters were produced by supersonic expansion of water vapor through a conical nozzle. Water vapor was generated by heating of a water container mounted inside the expansion chamber. A copper nozzle of 80 μm diameter, with a half-opening angle of 15
• , and a length of 1100 μm was used. A skimmer was mounted between the expansion chamber and the ionization chamber, in which the water cluster interacted with the synchrotron radiation. More details of the setup have been published elsewhere. 6, 20 The measurements in this study were carried out at the UE 112/PGM 1 beamline at the synchrotron radiation source BESSY II, part of the Helmholtz-Zentrum Berlin, Germany. Photoelectrons emitted from the cluster beam as the result of ionization were collected by a commercial hemispherical electron analyzer (Scienta ES 200). The spectrometer was mounted at the magic angle of 54.7
• with respect to the horizontal and in the plane perpendicular to the photon propagation direction (dipole plane).
One data set was recorded for a photon energy of 40 eV, and one for 60 eV. For the 60 eV data set, seeding of the water jet with He was used. Values of a second 60 eV data set recorded without seeding gas, but of statistically lower quality and subject to larger pressure variations, are also shown.
In order to study the PAD of the sample, the spectrometer has to collect the electrons at different angles with respect to the vector of the linearly polarized radiation. In this work, instead of using multiple spectrometers or a rotatable spectrometer, like in Refs. 9, 11-17, the polarization axis of the linearly polarized radiation has been rotated by utilizing the undulator. The principle of the (Apple II) undulator as such has been described elsewhere. 21, 22 Applying this method of rotating the light polarization to measuring the PAD is relatively novel. To the best of our knowledge, the only measurement of β by rotating the linear polarization vector is by Godehusen et al. 23 The photoelectron spectra of gas-phase water and water clusters were measured at several different polarization angles. In the photoelectron spectra of the water clusters, coexisting in the beam with free water molecules, the contributions of different cluster and molecular valence orbitals are partly overlapping. The pass energy of the hemispherical analyzer was set to 20 eV. The instrumental broadening of the spectra is estimated to be approximately 50-80 meV, in good agreement with the width of the photoelectron peak of the water-monomer 1 b 1 orbital. Spectra have been calibrated using the binding energy of the 1 b 1 orbital of the gas-phase water component, namely, 12.61 eV (Ref. 1). Nominal photon energies at this beamline are supposed to be correct within better than 10 meV, therefore, no further correction or calibration has been attempted.
Raw data were normalized for variation of the beam current. Variations of the number density of clusters in the interaction region, due to small drifts in the cluster source operation parameters, were estimated from the cluster photoline intensities in reference spectra recorded repeatedly. Where appreciable, we corrected for such drifts. In the resulting spectra, peak areas were determined by integrating the traces between suitable upper and lower energy values. A linear background was subtracted. For the photoelectron line of the 1b 1 orbital, the separation into monomer and cluster contributions in the spectra is obvious, because the monomer lines consist of only a few sharp vibrational peaks. 1 In this case, the putative 1b 1 contributions in the spectrum were separated into a cluster contribution with binding energy lower than the adiabatic ionization potential of water monomers, a monomer component, and a cluster component overlapping with the monomer lines. The energetically separated cluster component will be designated as "HOMO" in the remainder of the text.
The resulting areas were fitted to the analytical form of the differential cross section for photoelectrons excited by partially linearly polarized light, and collected within the dipole plane
Here, β is the anisotropy parameter, σ is the total photoionization cross section, θ is the angle between the horizontal and the photoelectron emission direction (within the dipole plane), λ is the angle of the major axis of the polarization ellipse to the horizontal, and P is the degree of linear polarization. In our set-up, θ amounts to the 'magic angle' of 54.7
• ; λ was varied by changing the undulator field. Experimentally, the β parameter for each specific orbital can be determined from the measured angular dependence of the signal. β is bounded between −1 and 2. A higher β means a larger differential cross section in the direction parallel to the polarization vector of the radiation. In other words, the emission of electrons is more anisotropic. β = 0 corresponds to isotropic emission.
While for the 1b 1 orbital contributions of clusters and monomers could be separated spectroscopically, this was not possible for the other two orbitals. We have nevertheless attempted to arrive at cluster-specific β values by partitioning the value determined from the overlapping monomer and cluster contributions. The cluster contribution for the respective feature will be denoted by c, defined as the cluster area divided by total area. While c could be easily determined for the 1b 1 photoelectron line, for the remaining two orbitals we had to make an assumption with respect to its magnitude. c was determined for the 1b 1 photoelectron line, and it was assumed that it has the same value for the 3a 1 and 1b 2 orbitals. Using this value, and the gas phase reference β from Table I , we have partitioned the measured β according to β = cβ cl + (1 − c)β m , where subscripts cl and m distinguish the cluster and monomer components. Further details are given below.
In our data analysis, we have inserted fixed values of P = 1 and λ = 0, and have extracted values for σ and β from the least squares fit of Eq. (1) to the peak areas. As the values for σ cannot be normalized to an absolute scale, only the results for β will be discussed.
Due to limited time available for this study, we were not able to perform a systematic calibration of the polarization properties of the beamline. Some information on the performance of the undulator in the rotatable linear polarization mode comes from an earlier polarimetry study. 25 Using the BESSY polarimeter the very high degree of polarization for horizontal linear setting was confirmed. The main depolarizing effect was interconversion between S 2 and S 3 polarization components (with these two components of the Stokes vector S describing the degree of 45
• linear polarization, and degree of circular polarization). Effectively, this leads to a slight variation of the degree of linear polarization P with the angle of the measurement: While P > 0.98 for horizontal polarization, it could be as low as 0.94 for 45
• linear polarization. In our study, in some of our data sets we see systematic deviations of the intensity observed under some angles from the least squares fit. This effect however fails to reproduce for other data sets of a comparable quality. We concluded that fluctuations of our intensity data due to factors outside of the beamline properties, most notably density fluctuations of the cluster target and imperfections in peak-background separation in the spectra, are as important as any hypothetical systematic depolarization effect outlined above. Repeating our angle dependent fits with P = 0.98 leads to an increase of the resulting β parameters of less than 3%.
Error bars for the β values were determined as follows: For a representative data set, the fit of the peak areas was repeated, but arbitrarily assigning a relative error of 10% to every peak area. This is assumed to be an upper limit for the combined inaccuracies of area determination due to peakbackground separation, angle dependent intensity changes of the undulator radiation, incompletely corrected pressure variations, etc. Statistical errors are minor with respect to the above factors. The error of β yielded as output of the fit program thus was 0.1 for β = 0.8 and 0.06 for β = 1.5. These figures were used as error bars for all β values below and above unity, respectively. For the second 60 eV data set, they were slightly enlarged, as target pressure fluctuations were larger for this data set. The possible influence of depolarization on our results (<3%, see above) is not included in the quoted error bars. In a second part of the analysis, the influence of the monomer fraction was approximately removed from the data, as explained below in further detail.
As mass spectroscopy was not available to us in this setup, the size of the clusters was determined by using a scaling law. 6, 26, 27 We obtained mean cluster sizes of N = 58 for the 40 eV data set, and N = 84 for both 60 eV data set (more details are available in the supplementary material 28 ). For the 40 eV data set, the nozzle temperature had to be estimated from the heating power, instead of a thermocouple reading. We therefore indicate a larger uncertainty of the mean cluster size. The actual mean cluster size of the first 60 eV data set could be larger, as the use of seeding gas usually improves clusterization but is not taken into account in the scaling parameter formalism. The alternative approach of determining the cluster size from the energy shift of the HOMO peak with respect to the monomer line, as suggested by some of the authors, 6 leads to much lower mean cluster 1 1.41(8) 1.35(4) 1b 2 1.04(12) 1.00 (2) sizes: 37 for the 40 eV data, 30 for the first 60 eV data set (seeded expansion), and 16 for the second 60 eV data set. On the one hand, this confirms our assumption that the seeded water expansion results in a larger cluster size. On the other hand, different than in Ref. 6 , values are in a large discrepancy to the scaling law data, and even suggest a size ordering which is reverse to the scaling law. This suggests, that the centroid position of the HOMO peak for a given cluster size is photon energy dependent, a point which had not been discussed in Ref. 6 . All experiments described in Ref. 6 had been done at hν = 30 eV. Below, we will refer to the mean cluster size of the first 60 eV data set as N ≥ 84.
III. RESULTS
As the first step of the study, the PAD parameters of gasphase water monomers were derived from the experiment (see Fig. 3 in the supplementary material 28 ) and compared to published results (see Table I ). The gas phase monomers were produced by lowering the stagnation pressure of the reservoir and the nozzle temperature until no spectral lines with lower binding energies than the gas phase adiabatic 1b 1 peak were seen. The β parameters measured by us agree with the literature data within the respective error bars. For 60 eV photons, our data points show a trend towards a slightly larger β than in earlier experiments (see below). All three orbitals treated in our study are predominantly of O 2p character. The inner valence (2a 1 ) orbital, of mostly O 2s character, was not recorded. The 1b 1 and 3a 1 orbitals consistently have a more anisotropic angular distribution than the 1b 2 orbital. This has been explained by the lone pair character of the two former orbitals, while the 1b 2 is strongly involved in intermolecular hydrogen bonding. 29 Also the (in-plane) 3a 1 orbital has a bonding character, which lowers its β value somewhat compared to the 1b 1 . Calculated β values of the latter are practically identical to calculated ones of the atomic O 2p orbital. 30 It is interesting that these values exceed those of the 2p orbital in (isoelectronic) Ne, a fact which according to our knowledge has not been explained.
With the reliability of our procedure established, we now turn to a discussion of the results for clusters (Figure 1 ). Figure 2 shows two typical spectra from our measurements, containing overlapping contributions from the water monomers and from clusters. Similar spectra, but for larger water clusters, were recorded by Öhrwall et al. 31 and by The partition for fitting of the spectrum that contains both the cluster and monomer signals. The area I corresponds to the 1b 1 cluster, IIa is for the pure molecule 1b 1 , the bottom IIb area is attributed half to 1b 1 cluster and the remainder to 3a 1 cluster, the area III is for 3a 1 both cluster and monomer, and the area IV is for 1b 2 cluster and monomer.
others. 5, 6 In order to extract the β parameters, we have separated the spectra into four separate regions (I-IV). While the least strongly bound region I contains signal from cluster photoemission only, in all remaining regions the signal of clusters is blended with those of monomers. In region II, the few sharp vibrational lines of the 1b 1 monomer peak (IIa) can Table II . (12) easily be distinguished from the broad cluster background (IIb). For the remaining two regions, only the weighted average β of monomers and clusters can be given. Values for the angular distribution parameter are given in the bottom panel of the figure, and in Table II . We start our interpretation of Table II by inspecting the β values for the HOMO level (region I). This 1b 1 -derived orbital in clusters is involved in hydrogen bonding, as found from calculations, 6, 7 and also reflected in the change of binding energy. It can be spectroscopically separated from the monomer photoelectron spectrum. Kinetic energies of the photoelectron lines are approximately 28.5 ± 1 and 48.5 ± 1 eV at the two photon energies. Photoemission from the cluster 1b 1 level is much more isotropic than from its molecular counterpart. Here, we also note that the molecular 1b 1 β parameter determined from isolating the molecular lines above the cluster background, agrees excellently with our gas phase reference data. This supports our normalization procedure.
Along the same lines, also the combined 3a 1 and 1b 2 β parameters are smaller in magnitude than their molecular counterparts.
The information on size-dependent effects from our data is limited, as the error bars of the second 60 eV data set are too large. (This is because of the low degree of condensation and target pressure fluctuations. We note however that the molecular β for the 1b 1 region (IIa) agrees with the first data set and the reference measurement.) As a tendency, emission from all other parts of the spectrum is found to be more anisotropic for smaller clusters, which seems plausible in view of what has been said above. Again however, including error bars the values still overlap, which impairs us from drawing more definite conclusions.
Thus far, our results are in qualitative agreement with results from studies on noble gas clusters. [12] [13] [14] [15] [16] [17] 
IV. DISCUSSION
We would now like to discuss possible reasons for the observed reduction in β. Conceivable causes are:
1. Changes in the intrinsic β parameter due to modifications of the initial state orbitals, e.g., by hydrogen bonding, 2. Intracluster electron scattering, 3. Intercluster electron scattering.
A quick estimate shows that, for sample densities that can be produced by our jet, intracluster scattering is much more probable than intercluster scattering (the estimated probability is in the range around 10 −5 ). Therefore, we neglect the latter. In order to assess whether the changes in β can be explained by assuming intracluster scattering, we have estimated the influence of this effect on the PAD by a simple model.
We assume that results from electron scattering experiments on free molecules are applicable to our system. Then, for electron kinetic energies below 100 eV, elastic scattering is by far the most probable outcome of a scattering event. 32 In other words, if intracluster scattering were to play a role, it would lead to the observation of a photoelectron spectrum with a mostly undistorted energy distribution curve, but a PAD that is influenced by scattering.
In order to assess this effect more quantitatively, we have modeled the angular distribution of a photoelectron line with a given β, which undergoes a single elastic scattering event on its way out of the cluster. In a second step, we have obtained an estimate for the probability of such scattering events, and thus for the combined PAD.
We use p(θ ,φ) for the unscattered electron angular distribution (Eq. (1)) and f(E;θ ,φ) = f E (θ ) for the differential scattering cross section, which depends on kinetic energy E but not on the azimuthal angle. For the kinetic energies in question, f E (θ ) has been measured by Cho et al. 33 Abbreviating the direction of the detector (θ ,φ) asr, the observed PAD can be written as the convolution of the original photoelectron angular distribution p(r ) with the scattering function directional characteristics f E . Here, f E depends on the relative angle betweenr andr . We have
The relative angle (r,r ) depends on φ , therefore, the integration over φ is not trivial. The factor sinθ results from the surface element in spherical coordinates. We have evaluated f E ⊗ p by solving the double integral (2) numerically, based on a look-up table filled with the result of Ref. 33 . The parametrization of the angular distribution function is universal for electric dipole processes. 34 The secondary scattering process does not refer to any fixed direction in space. It therefore cannot lead to a change of the general functional relationship of the PAD, but only to a change of the observed value of the β parameter. Calling the angular distribution parameter of an electron ensemble after single scattering β f , we arrive at β f = 0.91 for β = 1.4, and β f = 0.45 for β = 0.7 at E = 48 eV. For E = 20 eV, we have β f = 0.6 and 0.3, respectively. These two cases approximately bridge the interval of kinetic energies in question.
In an experiment, the unscattered part of the electron cloud is observed with its original β, while another part, scattered inside the cluster, is observed with β f . To obtain an estimate for the probability of single scattering, a structural model of the clusters is needed. Multiple scattering has been neglected, as it is not very probable because of the small cluster size in our experiment.
In search for a simple structural model of our clusters, we have studied simulated water cluster geometries. These indicate that water clusters often repeat hexagonal motifs in their arrangement, and are generally quite different from the icosahedral arrangements of rare gas clusters. We have therefore pictured an N = 80 water cluster as a cuboid of 4 × 4 × 5 water molecules, with an O-O distance of 3 Å.
We model the transmission of electrons through an absorbing continuum of 9 × 9 × 12 Å side length. Electrons may start randomly at any position within the cluster, and travel some distance l through the continuum before reaching the surface of the cluster. For the fraction of electrons scattered, we have q = 1 − exp (−nσ l). Using integral cross sections interpolated from Ref. 33 and the density of low density amorphous ice, which we think is appropriate for these small clusters, we have determined first l and then q for every starting point and every emission direction. We have further integrated over all emission directions, and averaged over all starting points within the cube. Integrals were performed numerically. We then calculated β cl (mod) = qβ f + (1 − q)β, where β refers to the monomer measurements given in Table I . Results are given in Table III .
In order to compare the model data for β cl with our experiment, we tried to remove the influence of the overlapping monomer lines from our data. For that we considered the measured β values for the 3a 1 and 1b 2 regions as an average of a molecular and a cluster fraction. For a known degree of condensation c (defined as the number density of condensed water molecules divided by the total number density), the experimental cluster β cl (exp) can be determined. The degree of condensation c was calculated from the intensity of the 1b 1 features, with the 1b 1 cluster area taken from the region I plus 0.5*(region IIb), and the 1b 1 monomer area from region IIa. Implicit to this analysis, we assume that the ionization cross section for the respective orbital in clusters is equal to the one of monomers. c was found to be 0.63 for both the 40 eV and the first 60 eV data set. In the second 60 eV data set, c was much lower, and a further analysis of those data was discarded. For the former two data sets, β cl (exp) for the 3a 1 and 1b 2 orbitals was calculated using the monomer reference data from our work. Results of this analysis are also in Table III . Error bars have been calculated by propagation of all relevant factors, including a 15% uncertainty in the assumption of equal partial cross section between monomer and cluster. For the 1b 1 orbital, the result measured for region I is repeated, as this part of the spectrum is free from congestion with monomers.
In five of six cases, the β values we measured are lower than the ones derived from the scattering model. While for the 40 eV data, the difference is still within the experimental error bar, for two of the three 60 eV data points the measured data differ by more than one standard deviation. Can this be caused by shortcomings of our model? Indeed, inclusion of multiple scattering might lower the modeled β values further, but this would be a stronger effect at 40 than at 60 eV, as the scattering cross section is larger at the lower energy. However, the agreement with the experiment is worse for the higher energy. Inclusion of inelastic scattering in our model would first of all lead to a preferential loss of bulk signal. This can be assumed to be more isotropic than emission from surface sites. The modeled values would therefore change towards larger β by inelastic scattering.
In order to assess the influence of our assumptions about the scattering cross section on the modeled results, we have arbitrarily increased/decreased the total elastic scattering cross section (the integrated f(E;θ ,φ)) by ±16%. The resulting changes in the modeled parameter β cl are given as uncertainties in Table III . The model results turn out to be rather robust towards such changes of this input parameter. We note that within our model, the effects would be very similar for a change of cluster size by the same amount. The effect of a change in the cluster shape, from cubic to spherical, would lead to a slight increase of scattering (lower β), but β would also stay within the given uncertainty.
Therefore, we cautiously interpret the results of this study as a first evidence for an intrinsic difference between molecular and cluster PADs, that is, one which is not caused by final state electron scattering. Its occurrence in a system like water, where the two least strongly bound molecule orbitals are significantly modified by hydrogen bonding, seems plausible to the authors. The 1b 1 orbital, for example, in clusters is calculated as a linear combination of O 2p-like lobes, pointing in different directions however. 6, 7 If the PAD is composed of the coherent superposition of several such emitting lobes, it is understandable that its β parameter is much lower than in the case of a single emitting lobe. In that respect, our study differs from earlier work on the rare gas clusters, in which the interaction of the electronic charge cloud of different cluster constituents is only via much weaker dispersion forces. [12] [13] [14] [15] [16] [17] More detailed experimental investigations of this point are certainly suggested.
V. CONCLUSIONS
In the present work, the PADs of water clusters have been experimentally deduced with linearly polarized synchrotron radiation, by rotation of the polarization axis, both at 60 eV and 40 eV. Less anisotropic PADs have been observed for the water clusters than for monomers. Angular distribution values for smaller clusters have a trend towards more anisotropic values.
Intracluster elastic electron scattering is an obvious driving factor for the observed change of the PAD. A scattering model, using molecular electron scattering data 33 as input, has been used to quantitatively explain the decrease of PAD β parameters. Values calculated for β however are consistently slightly larger than the measured ones, which points to the possibility of additional β changes due to initial state effects.
Our results clearly show that angular distribution effects have to be taken into account when photoelectron spectra from a liquid jet are measured outside of the magic angle, and that molecular measurements cannot represent these effects in the condensed phase in a quantitative manner. While this work was finalized, a discussion of angular distribution effects in photoemission from liquid water came to our attention. 35 
